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Background: Oligonucleotides containing the guanine
rich telomeric sequence of Oxytricha chromosomes
(dT4G4 ) have previously been shown to form DNA
quadruplexes comprising guanine quartets stabilized by
cations. Two different structures have been reported for
both d(G4 T4G4) (Oxyl.5) and d(G4T4G4T4G4T4G4)
(Oxy3.5).
Results: Here we present the solution structure of a
uracil- and inosine-containing derivative of Oxy3.5,
d(G4TUTUG4 T4 G4UUTTG31) (Oxy3.5-UI4 28), deter-
mined using two-dimensional 1H and 31p NMR
techniques. This oligonucleotide forms a unimolecular
quadruplex that is very similar to the dimeric Oxyl.5
solution structure, in that it contains a loop spanning the
diagonal of an end quartet. The groove widths, strand
polarities, and positions of the syn bases along the G4 tracts
and within the quartets are all as reported for Oxyl.5. The
first and third pyrimidine tracts form parallel loops span-
ning a wide groove and a narrow groove respectively.
Conclusions: Both Oxy3.5 and Oxy3.5-U 4128 form
unimolecular quadruplexes in solution with a diagonal
central T4 loop. These results conflict with those reported
for d(G4TUTUG4TTUUG 4UUTTG 4) in solution, in
which the central loop spans a wide groove.
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Introduction
Telomeres are DNA-protein complexes at the ends of
eukaryotic chromosomes and play an important part in
the maintenance of chromosome length (reviewed in
[1,2]). Typically, telomeric DNA consists of numerous
repeats of a short sequence, guanine-rich in one strand.
Two repeats of this guanine-rich strand form a single
stranded 3' overhang [3]. Oxytricha telomere fragments
having a d(T4G4T4G4 ) overhang bind together [4,5]
under conditions similar to those shown in the 1960s to
lead to G-quartet stabilized tetrameric structures in gels
of guanosine monomers (reviewed in [6]). Methylation
protection and gel mobility studies in the presence of
various cations provided evidence that oligonucleotides
containing two or four repeats of the Oxytricha [d(G4T4)]
and Tetrahymena [d(T 2G4)] telomere sequences form
quadruplexes [7,8]. In vitro evidence for quadruplex for-
mation has been found in other nucleic acids having
important biological roles [9-12]. In addition, proteins
have been identified that specifically recognize these
quadruplex-forming DNAs [13-21]. The identification
of these proteins provides evidence for the presence of
quadruplex DNA in vivo.
The details of the quadruplex structure depend on the
sequence and the number of repeats on each strand. In
molecules having a single run of guanine nucleotides (a
G tract), four separate strands associate. All bases are in
the anti conformation and all strands are in a parallel
orientation. This motif has been observed for both
DNA [10,22-25] and RNA [26]. Thermodynamic
studies indicate that parallel strands are favored over
antiparallel strands [27].
In molecules containing two or more G tracts, the
residues between the G tracts can form loops. The pres-
ence of loops in d(T4 G4)4 was demonstrated by showing
that thymines from the second and fourth T4 tract can
form a crosslink under UV irradiation [7]. Two distinct
folding motifs have been reported, one in which all adja-
cent strands are antiparallel [28-30] (characterized by
loops along the edges of the end quartets) and one in
which some adjacent strands are parallel [31,32] (charac-
terized by a loop spanning the diagonal of an end quar-
tet). In both motifs, the reversal of strand polarity created
by the loops causes some guanosine residues to assume
the syn conformation to maintain the hydrogen bonds
that stabilize the G quartets.
Molecules containing two G tracts and one loop form
dimeric quadruplexes. Both folding motifs have been
reported for Oxyl.5 [d(G4 T4G4 )], the oligonucleotide
containing 1.5 repeats of the Oxytricha telomeric
sequence (Fig. la,b). The crystal structure [28] has loops
along the edges, giving a structure that can be described
as a dimer of hairpins. The NMR solution structure has
loops that cross the diagonal of the end quartets [33] in
the presence of both Na+ and K+ [34]. Each guanine base
is hydrogen bonded only to bases from the other strand.
There are no hairpins because there are no base-paired
stems, only loops. The related molecule d(G3T4G3) also
forms a diagonally looped structure in solution [35].
The structure formed by molecules containing three G
tracts has not been elucidated. Although three-stranded
models can easily be constructed [33,36,37], these lack
the cation-binding cavities [23,38] believed to stabilize
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a 3'-terminal inosine, d(G4 TUTUG4 T4G4UUTTG3 I)
(Oxy3.5-U 4128). The inosine-containing derivative of
Oxyl.5, d(G4 T4 G3 I) (Oxyl.5-I12 ), was useful in con-
firming the folded topology of the dimeric quadruplex
[34]. Oxy3.5-U 4I28 combines the T4 loop and 3'-termi-
nal inosine of Oxyl.5-I12 and the TUTU and UUTT
loops of Oxy3.5-U6 but keeps them spatially separated by
four quartets. This spatial separation leads to NMR spectra
in which resonances arising from one end of the molecule
are largely unaffected by the changes at the other end.
Here we present our two-dimensional (2D) NMR study
of Oxy3.5-U 4128 and find that it too has a diagonal loop.
Essentially complete assignments have been obtained
using a combination of nuclear Overhauser enhancement
spectroscopy (NOESY) and through-bond 3 1P-1 H het-
eronuclear single quantum coherence (HSQC) experi-
ments. NOEs to the unique inosine resonances confirm
both the assignments and the diagonally looped motif.
Comparisons of NOESY spectra show that Oxyl.5,
Oxyl.5-I12 , Oxy3.5, Oxy3.5-U6, and Oxy3.5-U4I28
all share a similar structure containing a diagonal loop.
The calculated solution structure of Oxy3.5-U 4128
shows that the diagonal loop in this molecule is essen-
tially the same as that of Oxyl.5.
Fig. 1. Schematic model structures of (a) Oxyl.5 solution NMR
structure [331, (b) Oxy1.5 crystal structure [28], (c) Oxy3.5 [31]
and Oxy3.5-U 4128 NMR structure (this work) and (d) Oxy3.5-U6
NMR model reported by Wang et al. [30]. Shading indicates syn
residues.
quartet structures. NMR spectra of d[G4(T4G4 )2] suggest
that the oligonucleotide aggregates heterogeneously
rather than forming a single conformation (K Koshlap
and J Feigon, unpublished results).
Molecules that contain four G tracts fold into compact
structures having three loops [7,31,32]. On the basis of
NMR spectral similarities to Oxyl.5, we reported that
d[G4(T 4G4 )3] (Oxy3.5) has a diagonal loop like that in
the solution structure of Oxyl.5 [31] (Fig. c), although
we were unable to get complete resonance assignments of
Oxy3.5. The oligonucleotide d[AG3 (T2AG3)3 ], based on
the human telomere sequence d(T2AG3), has a similar
diagonal loop [32].
It has been reported recently that a closely related
derivative of Oxy3.5, containing two uracil substitutions
in each loop d(G4TUTUG 4TTUUG4 UUTTG 4 )
(Oxy3.5-U6), does not fold into the diagonally looped
motif, but instead has three edge-spanning loops [30]
(Fig. d). This was unexpected because oligonucleotides
based on two very different telomeric sequences, T4 G4
and T2 AG3 , both loop diagonally in solution. Minor
changes in the loops, such as the removal of two methyl
groups from each, would not be expected to cause such a
major rearrangement.
We have modified the Oxy3.5-U6 derivative of Oxy3.5
to remove the uracils from the central loop and to include
Results
Oxy3.5 and Oxy3.5-U 4128 form unimolecular quadruplexes
in solution
Imino proton spectra of Oxy3.5 [31] and Oxy3.5-U 4128
show 16 imino resonances corresponding to 16 hydro-
gen-bonded G imino protons. A portion of the NOESY
spectrum of Oxy3.5-U 4128 in 90% H2 0/10% D2 0 con-
taining the imino resonances and their cross-peaks is
shown in Figure 2. The narrow line widths observed for
Oxy3.5 [31] and Oxy3.5-U 4128 are comparable with
those of the dimeric quadruplex formed by Oxyl.5,
consistent with a unimolecular structure of similar mol-
ecular weight. The detection of GH8-G amino and
GH8-G imino NOEs (not shown), combined with the
observation that all G imino protons are hydrogen
bonded (e.g. see Fig. 2 and [31]), indicates that there are
four G quartets in Oxy3.5-U 4I28. In 2D NMR experi-
ments on Oxy3.5-U 4128 (Fig. 2) some extra cross-peaks
are present, indicating the existence of a small population
of other conformation(s) or impurities. In the equivalent
region of the purged correlation spectroscopy (P.COSY)
spectrum (not shown) only the four large uracil H5-H6
cross-peaks are expected, but approximately ten extra
small peaks are also present. Apart from these extra
H5-H6 peaks, there is little evidence of these minor
populations in the NOESY spectra.
Guanosine residues are alternately syn-anti-syn-anti along
the G4 tracts
As in Oxyl.5 spectra, each guanosine residue of Oxy3.5
and Oxy3.5-U 4128 has NOEs primarily to only one
other guanosine residue, excluding exchangeable reso-
nances (Figs 3-5). A portion of a NOESY spectrum of
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Fig. 2. Portion of a NOESY spectrum (mixing time [m] 200 ms)
showing the imino-imino region of Oxy3.5-U 4 128 in 90%
H20/10% D2 0 at 5°C. Resonance assignments are indicated on
the projection above the two-dimensional spectrum. The inset
figure illustrates the imino-imino connectivities, with lines of
varying thickness to reflect NOE cross-peak intensities. Lines
have been included for NOEs that were not observed because
they were on the diagonal (D) and for all consistent possibilities
in the case of overlapping resonances (O).
Oxy3.5-U4I28 containing cross-peaks between the H6,
H8 and Hi' resonances is shown in Figure 3. A strong
H8-H1' NOE is observed for half of the guanines, con-
sistent with a syn conformation of these nucleotides.
Numerous NOEs are observed between sequential syn
and anti residues, indicating that the quartets alternate in
orientation as discussed for Oxyl.5 [31,34,39]. Charac-
teristic NOEs observed for 5'Ganti-Gsyn3' groups are
Gn+lH8-GnH' H2, H2', " and H3' (standard sequential)
and GnH8-Gn+1 H8 and HI' ('reverse' sequential) (Figs
3-5). Standard sequential NOEs between 5'Ganti-
Gsyn3', for example, Gn+IH8-GnH8, Hi', H2' and H3',
are among the NOEs conspicuously absent for these
steps. No sequential connectivities are observed for the
5'Ganti-Gsyn3' steps, that is G2-G3, G10-G11,
G18-G19 and G26-G27.
Assignment of the resonances of Oxy3.5-U 4 128 by
comparison with Oxyl.5-112
Figure 4 shows the aromatic-H2',H2",TMe region of
NOESY spectra of Oxy3.5-U 4128 and Oxyl.5-I12. The
near identity of about half of the cross-peaks in these
spectra allowed initial assignments for the non-exchange-
able resonances of Oxy3.5-U 4128 to be made by com-
parison with Oxyl.5-I12. This provided the assignments
of the central loop and the adjacent (first) quartet. The
numerous NOEs observed between 5'Gsyn-Ganti3'
sequential guanosines, especially in the base-Hl' region
Fig. 3. Portion of a NOESY spectrum (Tm=200 ms) showing the
aromatic-Hi' region of Oxy3.5-U 4 128 in D20 at 25°C. Sequen-
tial connectivities between residues are indicated by solid lines
and 'reverse' sequential connectivities by dashed lines. Intra-
residue NOEs are numbered. The strong GH8-H1' cross-peaks of
G1, G3, G9, G11, G17, G19, G25 and G27 are indicative of syn
conformations for these nucleotides. Note that cross-peaks from
nucleotides 1, 2, 9, 10, 17, 18, 25, and 26 are assigned differ-
ently from the corresponding ones in Wang et al. [30].
(Fig. 3), provided the assignment of the second quartet.
Three H8-H8 NOEs not arising from 5'Gsyn-Ganti3'
tracts, assigned as cross-groove long-range interactions,
allowed the assignment of the third and fourth quartets.
Initial assignments of the first and third loops were based
on identification of uracils versus thymines and some
sequential NOESY cross-peaks consistent with the
sequence. These were confirmed as discussed below.
Independent assignment strategy
Although comparison with spectra of previously identi-
fied molecules provides compelling evidence for the cor-
rectness of these assignments, it is not a risk-free
technique especially in the case of these unusual struc-
tures. We therefore include here an alternative assign-
ment strategy that does not refer to the spectra or results
from other samples. As discussed above, guanine
nucleotides alternate syn-anti-syn-anti along the strand
giving rise to easily identified 5'Gsyn-Ganti3' tracts.
Assignments of most of these 5'Gsyn-Ganti3' tracts were
obtained by analysis of NOESY and 31 P- 1H HSQC
cross-peaks to loop residues [31,34,39]. The observation
that two syn and two anti guanosines are present in each
of the end quartets allowed us to assign some of the
remaining 5'Gsyn-Ganti3' tracts by process of elimina-
tion. Exchangeable NOEs helped place the guanine
residues in the appropriate quartets. Although most
31P-H3', H4', H5' and H5" connectivities were
obscured by spectral overlap, especially in the 31 p dimen-
sion, several 31 p resonances from the loop and end quar-
tet residues are well resolved (because of differences in
backbone conformation relative to the helical region).
These provided unambiguous through-bond connectivi-
ties for some of the loop residues [39].
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assignments of G12, T13, T14, T15 and T16. I28 was
assigned as the only other anti residue at this end, as well
as by its unique chemical shift. The two syn residues, G1
and G17, were distinguished using exchangeable NOEs
(see Fig. 2 inset). Identification of the 5'Gsyn-Ganti3'
tracts gave the assignments of G l, G27, G2 and G18.
The assignments of the remaining guanosine residues
were based on additional H-3 1 P HSQC connectivities
between the loops and sequential guanosine residues.
Three such connectivities, GpU, GpT and TpG, were
sufficient to complete the guanosine assignments. As the
central loop was already assigned, these connectivities
could only be G20-U21, G4-T5 and T24-G25. Using
the NOESY spectrum we identified G19, G3 and G26
(Fig. 3). The remaining guanosine residues must be G9
and G10. A TpU H-3 1 P HSQC connectivity can only
be T7-U8. The three remaining loop residues (U6, U22,
T23) were assigned using sequential NOE cross-peaks.
T5H3'-U6H6, U21H3'-U22H6 and T23H1'-T24H6
NOEs were particularly useful in this respect.
Fig. 4. Comparison of aromatic-H2',H2",TMe cross-peaks in the
NOESY spectra (m=200 ms) of (a) Oxyl.5-112 and (b)
Oxy3.5-U 4128 in D20 at 250C. The similarities in chemical shift
and NOE patterns are emphasized by lines connecting equiva-
lent NOEs. Several NOEs that are weak in (a) are not visible in
(b), but are visible when lower contour levels are plotted.
The first step in the independent assignment strategy was
the identification of the central T4 loop. This was easily
accomplished by identification of standard sequential
NOEs for a G-T-T sequence (indicated in Figs 3,4),
which is present only in the central loop. Assignments of
the other two thymine residues in this loop (which do
not have sequential NOEs) were made using the 1H- 3 1 p
HSQC data (not shown). Thus, we started with the
Exchangeable proton resonance assignments
Use of the 128 derivative of Oxy3.5 was essential for
unambiguous placement, and therefore assignment, of the
guanines within a quartet, as previously described for
Oxyl.5 and Oxyl.5-I12 [31,34]. NOEs from I28H2 to
the previously assigned G12H8 unambiguously locate
these purines next to each other in a quartet, and thereby
limit the folding possibilities. Imino-imino connectivities
in Oxy3.5-U 4128 are shown in Figure 2. Because of the
quartet geometry, both long-range and sequential
imino-imino connectivities are observed in this and other
quadruplexes (illustrated in the inset to Fig. 2). In contrast
to our Oxyl.5 results, a relatively strong NOE is observed
between imino protons across the wide groove. This
NOE, between G2 and G10, does not have an equivalent
in the Oxyl.5 or Oxyl.5-I12 spectra because the equiva-
lent residues were related by symmetry. Chemical shifts of
Fig. 5. Comparison of NOESY spectra
(Tm=200 ms) in 50 mM NaCI, -15 mM
KCI, pH 7 in D2 0 at 20°C. (a) Aro-
matic-H1' region of Oxyl.5 spectrum.
(b) Aromatic-Hi' region of Oxy3.5
spectrum. (c) Aromatic region of
Oxyl.5 spectrum. (d) Aromatic region
of Oxy3.5 spectrum. Solid lines indicate
NOEs for residues at the diagonally
looped ends and dashed lines indicate
NOEs for residues near the two-loop
end. The broad peaks in (b) presumably
arise from the parallel loop resonances
but have not been assigned. In (c),
sequential H8-H8 NOEs between gua-
nine residues 1 and 2, 3 and 4, 9 and
10, and 11 and 12 in Oxyl.5 (c) are
very similar to the equivalent 1 and 2,
11 and 12, 17 and 18, and 27 and 28
NOEs for Oxy3.5 in (d). The cross-
groove G2H8-G11H8 NOE observed
for Oxyl.5 in (c) has two equivalent
NOEs, G2-G19 and G10-G27, in the
spectrum for Oxy3.5 in (d).
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the non-exchangeable and exchangeable resonances of
Oxy3.5-U 4 128 are given in Table 1.
Spectral similarity of Oxy3.5-U4128 to Oxyl.5-112 and
Oxy3.5-U6
Oxy3.5-U 4 128 was designed as a hybrid between
Oxyl.5-112 and Oxy3.5-U6, so that direct comparisons
of the NMR spectra of the three molecules could be
made. For example, the inosine in Oxy3.5-U 412 8 is in
the equivalent position to the inosine in the dimeric
Oxyl.5-112 quadruplex. As the central T4 loops in both
of these molecules were left unmodified, both
Oxy3.5-U 4 128 and Oxyl.5-112 should have similar
cross-peak patterns if they both have a diagonal loop.
The uracil substitutions in the other two loops of
Oxy3.5-U 4 128 (U6, U8, U22, U23) are identical to the
uracil substitutions in those loops in Oxy3.5-U6. Thus,
direct comparisons can be made between NMR spectra
of the resonances and cross-peaks arising from the two
loop ends of Oxy3.5-U 4128 and Oxy3.5-U6.
Comparing the NOESY spectra of Oxy3.5-U 4128 and
Oxyl.5-112 (Fig. 4) reveals similar NOE cross-peak
chemical shifts and intensities for the equivalent
nucleotides, that is 1, 2, 11-18, 27, 28 in Oxy3.5-U 4 128.
Additional NOEs in the Oxy3.5-U 4 128 spectrum arise
from the first and third thymine loops and non-equiva-
lent guanines near these loops. The fact that these cross-
peak patterns are almost identical indicates that the
conformation of the central T4 loop in Oxy3.5-U 412 8 is
the same as the diagonal loop in the solution structure of
Oxyl.5-I12 (and Oxyl.5) [31,34].
Comparison of the aromatic-H1' cross-peak regions of
Oxy3.5-U4 12 8 (Fig. 3) and Oxy3.5-U6 (see Fig. 3 from
Wang et al. [30]) reveals that the NOE cross-peaks arising
from the first and third T4 loops are essentially the same
in the two molecules, and are thus relatively unaffected
by the changes to the central loop sequence and the ino-
sine substitution. Taken together, these comparisons
indicate that the folded structures of Oxy3.5-U6 and
Oxy3.5-U 4 28 are essentially the same.
NOEs to the inosine residue confirm the diagonal loop
In a quartet arrangement, an inosine H2 resonance has a
cross-peak to the H8 resonance of the neighboring gua-
nine [34]. In Oxy3.5-U 4128, the adjacent base is in the
anti conformation, as is the inosine (Fig. 3). The presence
of two adjacent bases with the same glycosidic torsion
angle is most consistent with a parallel-strand orientation,
and thus a diagonal loop. Although not required to reach
this conclusion, the assignment of the inosine H2 and
guanosine H8 resonances is unambiguous. The inosine
H2 is unique, as described above. The adjacent residue,
G12, is identified by numerous NOEs as part of a G-G-
T-T sequence which occurs only once in this molecule
(G11-G12-T13-T14). Technically, the 28H2-G12H8
interaction is consistent with two models: the first is the
*5O 
t Only assigned to appropriate end. NA, not assigned.
Table 1. Chemical shifts (in ppm) of the proton resonances of Oxy3.5-U 4128 at 25°C.
Hi' H2' H2" H3' H4' H5', H5" H6/H8 H5/Me/H2 Imino* H21* H22*
G1 5.78 2.48 2.89 4.87 4.30 3.79, 3.91 7.38 - 11.95 10.68 6.17
G2 5.82 2.55 2.79 5.07 4.24 4.12, NA 7.90 - 11.95 NA NA
G3 5.91 2.44 2.66 4.94 4.28 NA, NA 7.52 - 10.74 9.58 6.77
G4 5.94 2.48 2.72 5.04 4.40 4.11, NA 8.04 - 10.86 NA NA
T5 6.15 2.30 2.39 4.84 4.23 4.11, NA 7.67 1.92 10.23t - -
U6 6.10 2.21 2.41 4.70 4.21 3.93, 3.98 7.76 5.79 10.37t - -
T7 5.79 2.11 2.22 4.60 3.93 3.85, 3.98 7.31 1.59 11 .03t - -
U8 5.74 1.73 2.24 4.45 NA 3.45, 3.65 7.41 5.31 NA - -
G9 5.92 2.72 3.45 4.77 4.22 3.96, 4.30 7.25 - 11.57 10.11 6.10
G10 5.85 2.64 3.10 5.06 4.26 4.16, NA 7.98 - 11.43 NA NA
G11l 5.94 2.83 3.04 5.06 4.34 4.17,4.23 7.51 - 11.18 9.52 6.97
G12 5.78 2.51 2.57 4.94 4.40 NA, NA 7.76 - 11.25 NA NA
T13 5.30 1.15 1.95 4.42 3.78 3.98, 4.31 6.88 1.69 NA - -
T14 5.26 1.85 2.10 4.51 3.48 3.30, 3.51 7.20 1.49 9.43t - -
T15 5.41 1.54 2.19 4.66 4.43 3.94,4.08 7.11 1.44 9.85t - -
T16 6.22 2.03 2.35 4.53 3.14 2.62, 2.85 7.60 1.70 NA - -
G17 6.23 2.86 3.53 4.93 4.47 4.13, 4.73 7.64 - 12.11 8.95- 7.63
G18 6.23 2.56 2.69 5.02 4.50 4.33, NA 7.19 - 11.03 9.40 6.37
G19 5.96 2.66 3.32 5.13 4.51 4.07,4.56 7.29 - 11.35 8.64 6.63
G20 6.15 2.39 2.70 5.08 4.49 4.16,4.22 8.27 - 11.26 NA NA
U21 6.31 2.32 2.54 4.90 4.41 4.15, NA 7.99 6.02 - - -
U22 6.29 2.30 2.42 4.80 4.34 NA, NA 7.89 5.94 - - -
T23 5.86 1.91 2.39 4.79 4.14 3.86, 3.91 7.10 1.28 - - -
T24 5.75 2.32 2.41 4.88 4.05 3.89, 3.98 7.34 1.20 - - -
G25 6.05 2.80 3.35 5.00 4.41 4.15, 4.33 7.40 - 10.94 9.06 7.48
G26 6.21 2.60 2.72 5.02 4.46 4.32, NA 7.17 - 11.18 9.66 6.37
G27 6.03 2.97 3.55 5.07 4.53 4.06, 4.62 7.25 - 11.17 8.78 6.86
128 6.60 2.60 2.82 4.86 4.35 4.25, NA 8.72 8.57 13.83 - -
1001
*51C. tOnly assigned to appropriate end. NA, not assigned.
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diagonally looped model similar to Oxy3.5 and Oxyl.5,
and the second has a central edge loop at one end and
crossing diagonal loops at the other end. This second
model is not consistent with either the long-range
H8-H8 NOEs or the exchangeable NOEs, and is not
considered further.
Possible base pairs within the loops
We observe two NOEs between thymine or uracil imino
resonances at 5C. Both disappear at 200 C, presumably
due to exchange with solvent. We were unable to assign
these imino resonances other than to identify the appro-
priate ends of the structure (see Table 1). One of these
NOEs arises between thymines in the diagonal loop. A
similar NOE is observed in Oxyl.5 spectra. This is
unusual because there are no TT base pairs in the
Oxyl.5 diagonal loop. The second NOE is only identi-
fied as arising between pyrimidines in the parallel loops.
Effect of K+
Figure 5 shows a comparison of the NOESY spectra of
the unmodified Oxyl.5 and Oxy3.5 molecules in mixed
K+/Na+ solution. As previously reported for Oxyl.5,
addition of K+ leads to substantial changes in the NMR
spectra [34]. The resonances change in frequency, but the
cross-groove NOEs characteristic of the diagonally
looped structure are still present. As with Oxyl.5-I12
and Oxy3.5-U 4128, cross-peaks from the diagonal loop
end of Oxy3.5 are nearly identical to those of Oxyl.5.
Resonances for the two parallel loops were very broad
under these conditions and no assignments were made
for these residues.
Structure calculation results
The distance and dihedral angle restraints used in the
structure calculation of Oxy3.5-U 4128 are summarized
in Table 2. Because of spectral overlap, fewer distance and
dihedral restraints were obtained for Oxy3.5-U 4128 rela-
tive to the dimeric Oxyl.5. The total number of distance
restraints is 274, of which 219 are inter-residue (Table 2).
In a typical calculation, starting with 80 metric-matrix
distance-geometry structures [40], only about seven or
eight structures with comparable low energies were
obtained after the final direct NOE refinement step [41].
There were no distance violations >0.5 A and no dihe-
dral angle violations >150 prior to the final relaxation-
matrix refinement step. The seven best structures from
the final set of calculations are shown superimposed in
Figure 6a,c. The average R factor (R(1/ 6 )) for these struc-
tures is 0.0665±0.0039. The pairwise root mean square
deviations (rmsds) for the heavy atoms of these seven
structures are shown in Table 3. The overall rmsd for the
seven lowest-energy structures was 1.81 A, compared
with 0.95 A for Oxyl.5. Most of this difference can be
accounted for by the first and third (parallel) loops,
which are not well defined by the NMR data (Fig. 6a,c).
The core containing the four G quartets plus the central
thymine loop are nearly as well defined as Oxyl.5
(Fig. 6b), with an overall rmsd of 1.18 A (Table 3). The
guanine core alone has an rmsd of 1.06 A.
Discussion
Spectra of the central T4 loop are the same in all four
molecules
In our studies of the asymmetric dimer quadruplex
[d(G3 T4 G3)] 2 we found that sequence changes as signifi-
cant as the removal of a quartet have very limited effects
on the chemical shifts of protons belonging to non-adja-
cent quartets [35]. Oxy3.5-U 4128 was designed to allow
a direct comparison with our previously studied inosine-
containing derivative of Oxyl.5, Oxyl.5-I1 2 [34], and
with the uracil-containing derivative of Oxy3.5 studied
by Wang et al. (Oxy3.5-U6) [30] (see Fig. 1). Significant
structural differences between Oxyl.5-I12 and
Oxy3.5-U 4128 are restricted to one end of the molecule,
leaving the central loop resonances unaffected. Likewise,
the changes from Oxy3.5-U6 [30] to Oxy3.5-U 4128
make no appreciable alteration to the resonances of the
doubly looped end (compare [30] to this work). The
similarities between the spectra indicate that all three
oligonucleotides form similar structures.
Comparison of Oxyl.5 and Oxy3.5 spectra
Several interesting features arise from the loss of the sym-
metry seen in the dimeric Oxyl.5. As mentioned above,
spectral changes due to structural differences tend to be
Table 2. NMR-derived restraints used in the structure
calculation of Oxy3.5-U 4128.
Nucleotide Intra- Inter- Dihedral Total
residue residue
G 1 2 24 1 26
G2 1 19 3 20
G3 2 21 4 23
G4 2 19 5 21
T5 3 9 5 12
U6 2 5 5 7
T7 1 12 4 13
U8 1 4 5 5
G9 1 13 4 14
G10 3 14 5 17
G11 1 14 4 15
G12 1 20 3 21
T13 3 19 3 22
T14 3 23 5 26
T15 3 34 5 37
T16 4 22 5 26
G17 2 14 4 16
G18 0 19 5 19
G19 1 20 4 21
G20 2 19 5 21
U21 2 4 5 6
U22 2 8 5 10
T23 2 13 4 15
T24 2 17 5 19
G25 3 16 4 19
G26 2 11 5 13
G27 2 12 4 14
128 2 13 4 15
Total 55 219 120 274*
*The total number of distance restraints is not equal to the
sum of the nucleotide distance restraints because inter-residue
restraints are counted once per nucleotide.
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local. Thus, despite the differences between the two
looped ends, the guanine resonances in the central quartets
are relatively unaffected. The residues that were related by
symmetry in Oxyl.5 are still very similar in Oxy3 .5. This
is especially evident in the base-Hl' region of the Oxy3.5
spectrum (Fig. 5b). Note the similarities in chemical shift
between the following pairs of resonances: 2 and 10, 19
and 27, 18 and 26, and 3 and 11. This partial symmetry is
also evident in the aromatic-aromatic region. The two
cross-groove NOEs G2H8-G19H8 and G10H8-G27H8
(Fig. 5d) are equivalent in Oxyl.5 (G2-Gll) (Fig. 5c).
The cross-groove NOE G18H8-G26H8 (Fig. 5d) is close
to the diagonal, and the expected G3H8-G 1lH8 NOE is
on the diagonal. Neither of these NOEs is observed in
Oxyl.5 (i.e. G10H8-G10H8 and G3H8-G3H8) because
of its inherent symmetry.
Three-dimensional structure of Oxy3.5-U 4128
Oxy3.5-U 4128 folds to form an intramolecular quadru-
plex, with four G quartets connected by two parallel loops
(the first and third) spanning the narrow and wide grooves
at one end of the molecule (edge loops), and a thymine
loop (the central one), which goes across the diagonal of
the G quartet at the other end of the molecule (diagonal
loop) (Figs 1, 6 and 7). This is the same fold as previously
reported for Oxy3.5 [31]. Oxy3.5-U 4128 and Oxy3.5 are
very similar in many ways to the Oxyl.5 dimer. Along
each G tract the residues alternate syn-anti-syn-anti. The
relative polarity of adjacent tracts alternates between paral-
lel and antiparallel. This gives rise to the anti-anti-syn-syn
alternation around the quartets. There are three different
types of grooves: two medium-width grooves between the
parallel strands; one narrow groove between the antiparal-
lel tracts near the 3'-end; and one wide groove between
the antiparallel tracts near the 5'-end.
The structure of the diagonal loop in Oxy3.5-U 4128 is
essentially the same as in Oxyl.5 [33] (compare Fig. 6a
and 6b). The diagonal loop has the first thymine (T13)
stacked on the adjacent guanine (G12). The second
thymine (T14) is partially stacked on the first. The third
thymine (T15) is tucked under the loop to stack on the
5'-terminal guanine. The fourth thymine (T16) is par-
tially stacked on T14 and is the least well defined
nucleotide in the diagonal loop. Although the overall
structure of Oxy3.5-U 4128, including the diagonal loop,
is not as well defined as that of Oxyl.5, the loops are
identical within the resolution of the structures.
The two parallel loops (T5-U8 and U21-24) are the
most poorly determined part of the structure (Fig. 6a,c).
This is as least partly because none of the iminos from
these thymines could be assigned. The structure of the
parallel loops is consistent with the close association of
T7 and T23 (Fig. 6c) required for their observed UV
cross-linking in Oxy4 [7]. In several of the structures, T7
and T23 are partially stacked on each other (Fig. 6d).
There are no other obvious interloop interactions at this
end of the molecule such as base pairing or stacking. T24
reaches across the narrow groove loop, positioning it near
G20, as noted by Wang et al. [30]. In most of the struc-
tures, U8 is positioned so that the base is in the wide
groove. U22 is usually positioned in the medium-width
groove. Although there is an imino-imino NOE between
pyrimidines in the two edge loops, we were unable to
assign these iminos, and cannot ascertain whether the
NOE arises from a T/U-T/U base pair or from iminos
that are otherwise protected from exchange with water.
The positioning of the two edge loops that span the nar-
row and wide grooves in Oxy3.5-U 4I28 results in
widening of the medium-width grooves at that end of
the quadruplex to provide more space for the two loops.
As a result, all four grooves at the two-loop end of the
molecule are of approximately equal width.
Comparison of Oxy3.5-U 4 128 and Oxy3.5-U6 data
The structural results reported here are clearly different
from those reported by Wang et al. [30] for Oxy3.5-U6.
However, the NMR spectra of the comparable residues
in the two molecules are essentially the same. The model
structure reported by Wang et al. [30] (edge-looped
model) has the central loop spanning the wide groove
and the first and third loops both spanning narrow
grooves. The differences in these models and their rela-
tion to the two structures (solution and crystal) reported
for Oxyl.5 are illustrated in Figures 1 and 7. On the basis
of their (incomplete) resonance assignments and using
manual model building techniques, Wang et al. were
unable to build a diagonally looped model that satisfied
the NOEs that they reported. Several of their assign-
ments appear to be wrong, as discussed below.
Three arguments were presented by Wang et al. in
support of the edge-looped model. Firstly, they claim
that the NOEs between G20 and T24 preclude any pos-
sible diagonally looped structure. However, this loop is
Table 3. Root mean square deviations (rmsds) (in A) for the seven lowest-energy structures of Oxy3.5-U 4128.
All heavy atoms Heavy atoms of all four quartets plus diagonal loop
1 2 3 4 5 6 7 1 2 3 4 5 6 7
1 1.70 1.33 1.63 2.07 1.51 1.31 1 1.17 0.90 1.05 1.26 1.14 1.06
2 1.75 1.58 2.26 1.90 2.00 2 1.14 1.19 1.28 1.03 1.27
3 1.70 2.24 1.76 1.36 3 1.25 1.31 1.14 0.96
4 2.24 1.95 1.81 4 1.45 1.07 1.19
5 2.17 2.20 5 1.45 1.37
6 1.49 6 1.17
Average rmsd: 1.81 Average rmsd: 1.18
1004 Structure 1995, Vol 3 No 10
Fig. 6. Structural features of Oxy3.5-
U4128 and Oxy1.5. (a) Stereoview look-
ing into one of the medium-width
grooves of the seven Oxy3.5-U 4128
structures with the lowest total energies
out of a set of 80 calculations. The color
scheme is as follows: the first and last G
tracts are green; the second and third G
tracts are red; the central thymine loop
is orange, and the first and third thymine
loops are yellow. (b) Stereoview of the
eight Oxyl.5 structures with the lowest
total energies out of a set of 20 calcula-
tions (from [33]). The color scheme is as
follows: the two different strands have
green guanines and yellow thymines
and red guanines and orange thymines,
respectively. The view is the same as in
(a). (c) Stereoview of the seven lowest-
energy structures of Oxy3.5-U 4 128
showing the interactions of T7 and T23
(blue) in the two edge loops. The narrow
groove is towards the left and the
medium groove is towards the right side
of the view shown. The color scheme is
the same as in (a). The white ribbons
trace the fold of the backbone.
(d) Stereoview of the lowest-energy
structure of Oxy3.5-U 4 128, showing the
stacking of T7 and T23 (blue). The color
scheme is the same as in (a).
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Fig. 7. Comparison of diagonally looped
versus edge-looped models of Oxy3.5.
Schematic diagram (a) and cylinder pro-
jection (b) of the correct, diagonally
looped model. In contrast, the edge-
looped model given by Wang et al. [30]
is presented in (c) and (d). The positions
of the aromatic ring protons H6, H8 and
H2 are represented by circles. Bold cir-
cles and shaded rectangles indicate
bases in syn conformation. The wide
lines in (b) and (d) show the NOE con-
nectivities given in [30]. Arrows in (a)
and (c) indicate sets of H8-H8 distances
important for distinction between the
two models. The most crucial of these
connectivities, 2-19 and 10-27, are
across strands in the correct model and
shown in gray in (b). These contacts had
been assigned as sequential steps 18-19
and 26-27 [gray lines in (d)] in [30].
However, the corresponding H-H dis-
tances in these 5'Gsyn-Ganti3' steps
would be too large to be observable as
NOE peaks. All those 5'Ganti-Gsyn3'
steps that needed to be reassigned in [30]
are marked by asterisks in (b) and their
old numbering is given in parentheses.
situated identically in both folding motifs. The 21-24
loop spans a narrow groove in both models, therefore any
intraloop NOEs expected in one model would be
expected to be similar in the other model. Thus, these
NOEs cannot be used to distinguish between the edge-
looped and diagonally looped models. In our calculated
structures, the parallel loop residues form a tight cluster
above the G4, G9, G20, G25 quartet. T24 is on the sur-
face of the cluster in between the strands that form the
minor groove. In this position, NOE-derived distance
constraints between T24 and G20 are easily satisfied.
A second argument is that NOEs between the central
thymine loop and the first quartet could not be satisfied
by a diagonal loop. This illustrates a limitation with the
simple modeling approach to spectral interpretation. Con-
formational space is difficult to sample effectively using
manual modeling techniques, so possible solutions may be
overlooked. The diagonally looped structure is unusual in
the manner in which the third thymine tucks down under
the loop to stack on the quartet and might not have been
found had we not used distance geometry techniques. In
the Oxy3.5-U4I28 structure we had many NOE restraints
between thymine and guanine residues and were able to
satisfy them all with the diagonal loop. Presumably, the
misassignment of G1 as G17 caused additional difficulties
in the modeling efforts of Wang et al. [30].
The third argument presented to rule out diagonally
looped structures pertained to interloop NOEs. The
T7-T23 NOEs constrain the loop conformations. Wang
et al. argued that a U8-U22 base pair indicates antiparal-
lel loop orientation. It is true that the reported U8-U22
base pair would be incompatible with a parallel (versus
antiparallel) looped structure, but the presence of this
base pair is less than certain. We were unable to assign
any of the loop imino protons, nor could we verify that
imino-imino NOEs necessarily indicate base pairing.
Figure 7 presents schematic versions of cylinder projec-
tions of Oxy3.5 models with the diagonal loop and the
edge loop. Superimposed on the schematics are bold
lines indicating the NOEs reported by Wang et al. To
simplify the figure, all NOE lines are drawn to the aro-
matic circles. Although there are numerous NOEs within
each 5'Gsyn-Ganti3' tract, these groups are quite isolated
from each other and from the loops, leaving the assign-
ments in question. For example, the group of four gua-
nines G1-G2-G10-G9 is isolated (Fig. 7d). Without an
external reference, the whole group could be pulled out,
rotated through 180 ° and placed back into the model
without any distinguishing effect on NOESY spectra.
That is, the resonances assigned to residue 2 could actu-
ally arise from residue 10 and vice versa.
The NOE assigned by Wang et al. as G27H8-G26H8 fits
the model better after G25 and G26 are repositioned to 9
and 10, making the NOE G27H8-G10OH8 (Fig. 7). The
G18H8-G19H8 NOE fits better with G17 and G18
moved to positions 1 and 2. This also changes the
T15Me-G17H8 NOE assignment to T15Me-G1H8 in
agreement with the Oxyl.5 spectra (Fig. 3). The
G1-G2-G10-G9 group has two possible positions: either
as shown, as G17-G18-G26-G25, or reversed as
G25-G26-G18-G17. On the basis of additional NOEs to
the loops and the exchangeable resonances, the illustrated
changes are correct. The diagonally looped schematic
gives a coherent pattern to the H8-H8 NOEs that is
lacking in the edge-looped model. All H8-H8 inter-
actions observed are expected, and all expected H8-H8
NOEs are observed except one. The missing cross-
groove NOE, between G11H8 and G3H8, is not
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observed because these two protons resonate at the same
frequency, placing the expected peak on the diagonal.
Wang et al. did not assign the exchangeable imino and
amino resonances. It is not possible to make an unam-
biguous placement of the correct bases next to each
other within a quartet in the absence of these assign-
ments or an inosine derivative. Models calculated using
the limited NOE data presented by Wang et al. were
roughly equal in overall energy in both the diagonal and
edge-looped conformations (data not shown).
Biological implications
DNA molecules that contain runs of guanines read-
ily form quadruplexes at physiological salt concen-
trations. The DNA quadruplex structures discussed
here are formed from single-stranded oligonu-
cleotides containing the dT4 G4 repeat found in
Oxytricha telomeres [42]. Two of these repeats form
a single-strand overhang at the end of the chromo-
some [3], and have been implicated in coherence of
the Oxytricha chromosomes [4,5]. It has also been
suggested that quadruplex formation may play a
role in maintenance of chromosome length, by act-
ing as a negative regulator of the telomere-specific
DNA polymerase known as telomerase [43].
Telomerase is normally inactive in somatic cells,
and activation of telomerase has been implicated in
immortalization of cancer cells [44,45].
A number of proteins have been identified which
bind to and/or facilitate quadruplex formation.
These include the subunit of Oxytricha nova
telomere-binding protein [14,19], the yeast telom-
ere-binding protein RAP1 [20,21], and a quadru-
plex-specific nuclease that has been proposed to
interact with yeast telomeres in vivo [17,18]. The
association of these proteins with telomeres and
their interactions with G-rich quadruplexes lend
further support to proposals for a functional role
of quadruplex formation in telomeric DNA.
These proteins presumably recognize features of
quadruplex DNA such as helix radius, groove
widths, hydrogen-bond donors and acceptors
from the bases in the grooves, or specific loop
conformations. In order to understand the inter-
actions between the protein and DNA components
of these systems, it is important to have an accu-
rate understanding of the quadruplex structure.
Here we have shown that a uracil- and inosine-
containing derivative of the oligonucleotide
d(G 4T4 G4 T4 G4 T4 G4 ) (called Oxy3.5 because it
contains 3.5 repeats of the Oxytricha telomere
sequence) forms a unimolecular quadruplex con-
taining a diagonal loop at one end. This end of the
molecule is essentially the same as the previously
reported structure for Oxyl.5 [31,33,34]. Other
diagonally looped quadruplex structures have also
been reported, including the dimeric quadruplex
containing three G quartets formed from
d(G3 T4 G3 ) [35] and the unimolecular quadruplex
formed by d[AG 3(T 2AG 3)] - an oligonuclotide
based on the human telomere repeat [32].
The Oxy3.5 derivative structure reported here adds
to the family of diagonally looped quadruplexes
formed by telomere repeat oligonucleotides. Com-
parison with other molecules based on a T4G3_4
repeat indicates that the diagonal loop conforma-
tion is conserved. The fact that this loop is consis-
tently observed suggests that it is exceptionally
stable or plays a role in the folding pathway.
Materials and methods
Sample preparation
DNA oligonucleotides d(G4T4G4) (Oxyl.5), d(G4T4G4T4-
G4 T4G4) (Oxy3.5), and the derivatives d(G4T4G31) (Oxyl.5-
112) and d(G4TUTUG 4T4G4UUTTG 3I) (Oxy3.5-U4128)
were synthesized using an Applied Biosystems 381A synthesizer
(Applied Biosystems, Foster City, CA) using phosphoramidite
chemistry following the manufacturers protocols. Inosine-CPG
columns were obtained from BioGenex (San Ramon, CA).
Sample purification and preparation were performed as previ-
ously described [34,46]. Briefly, the synthesized DNA was
cleaved and deblocked using NH4OH, ethanol precipitated
from an NaCl solution, resuspended in H2 0, loaded onto a
Sephadex G50 column (Pharmacia, Piscataway, NJ) and eluted
with H20. Fractions containing only full-length oligonu-
cleotide were pooled and lyophilized. NMR samples were pre-
pared by dissolving an appropriate weight of lyophilized powder
in 0.4 ml NaCI solution and adjusting the pH with NaOH. The
Oxyl.5-I12 sample is in 50 mM NaCl and the Oxy3.5-U4 128
sample is in 100 mM NaCl, pH 6.0. The Oxyl.5 and Oxy3.5
samples used in this study are in mixed cation solution, 50 mM
NaCl, -15 mM KCI, pH 7.0. The samples were dried under
N2 flow and/or by lyophilization and redissolved in 0.4 ml 90%
H20/10% D20 or 99.996% D20 (Cambridge Isotope Labora-
tories, Andover, MA). Final sample concentrations with respect
to the quadruplex were -1.5-2.5 mM.
NMR spectroscopy
NMR data were collected on General Electric GN-500 and
Bruker AMX500 (500 MHz 1H) spectrometers (Bruker, Karl-
sruhe, Germany). Phase-sensitive NOESY spectra in D20
were acquired using the method of States et al. [47] with pre-
irradiation of the HDO peak during the recycle delay [48].
NOESY spectra were acquired with 40-300 ms mixing times
at 200C or 25C. Phase-sensitive NOESY spectra in H20
were obtained by replacing the last 90° pulse with a 1I1 spin
echo pulse sequence and the appropriate phase cycle to sup-
press the large water resonance [49]. The carrier was centered
at the water resonance, and the excitation maximum was at
-11 ppm. Mixing times at 5C and 200C were 150-200 ms.
The spectral width was 8000-10000 Hz in both dimensions in
H20, 4000-8000 Hz in D20. In t, 250-550 increments of 32
or 64 acquisitions each and 2K points were collected, 200-600
complex points were processed in t2 and the final zero-filled
matrix size was 2Kx2K points. Homonuclear Hartmann-Hahn
(HOHAHA) spectra were acquired using the MLEV17 mixing
sequence and 1.5 ms trim pulses for the spin lock [50]. The
'H- 31P HSQC spectrum was acquired as described [51,52].
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Structure calculations
The structure calculations of Oxy3.5-U 4128 were performed as
described for Oxyl.5 [33], with the modifications noted
below. The distance restraints used for the structure calcula-
tions were obtained from NOESY experiments in D20 at
200C and a mixing time of 200 ms and in H20 at 5C and
200 ms. Cross-peaks were picked and integrated using the
AURELIA software package (Bruker). The resulting peak lists,
which contained no assignment information at this stage, were
then processed with a FORTRAN program written for this
purpose (P Schultze, unpublished program). This program
accepts a chemical shift list containing all known resonance fre-
quencies from the assignment procedures described above. For
each cross-peak picked by AURELIA, all assignments with
matching frequencies with <0.01 ppm difference between the
chemical shift list and the picked peak position are listed. In
addition, the Cartesian distance between the protons in a pre-
liminary model structure based on the previously calculated
Oxyl.5 molecule was listed for each possible assignment. This
inflated list was subsequently checked manually, using plots of
the spectra as well as the model-derived distances, to resolve
the ambiguous assignments. The final peak list was formatted
in two versions for use in X-PLOR [53]: firstly, with distance
restraints obtained with a calibration based on the strongest
observed H2'-H2" cross-peak set to 1.9 A for the earlier stages
of the refinement and secondly, with the integrated peak
intensities for the final step of relaxation matrix refinement. As
numerical peak integrals were available, the more traditional
method of classifying NOE cross-peaks as strong, medium, and
weak was not used. In the simple calibration used, cross-peaks
subject to significant spin diffusion would leave the corre-
sponding distance too short. Therefore, an additional 0.5 A was
added to all upper-distance limits. Lower limits were left at van
der Waals contact distances. Spin diffusion is taken fully into
account in the final step of relaxation matrix refinement. The
distances from the H20 spectrum were calibrated by setting
the strongest observed peak intensity between the two protons
of one amino group to 1.8 A. As many of the imino and amino
resonances in the quadruplex have unusually slow exchange
rates with H20 and remain detectable even months after trans-
fer of the sample to D20 [31,34], cross-peaks from a significant
number of the exchangeable resonances could be quantitated.
However, to account for possible systematic errors in the peak
volumes caused by chemical exchange, the restraints involving
the exchangeable protons were used with an addition of 3.0 A
as upper limits and were excluded from the relaxation matrix
refinement. The geometry of the G quartets was restrained
with the distances obtained from the published 1.2 A crystal
structure [23]. In addition, planarity restraints were applied at
all refinement steps to each quartet with a weight factor of 5
kcal A-2 . This low weight favors the formation of planar quar-
tets in the absence of conflicting experimental data, but is easily
overridden where the much higher weighted distance violation
term requires out-of-plane tilting of single guanine bases.
In the first step of X-PLOR calculations [53], 80 coordinate
sets were obtained by metric-matrix distance geometry. In the
present case, it turned out that full structure embedding
yielded a significantly better rate of convergence in subsequent
refinement relative to partial embedding (as used for Oxyl.5),
probably because of the generally smaller number of experi-
mentally derived restraints. In the second step, initial structures
were subjected to the DGSA (distance geometry/simulated
annealing) procedure [54], consisting of template fitting to
improve local geometry and simulated annealing. In order to
increase the number of converging structures, the weight of
the bond-angle potential was increased eightfold over the stan-
dard X-PLOR force field, and dihedral angle restraints involv-
ing the four ligands of each chiral center were introduced to
enforce the correct chiral configurations. The third step was
further refinement by molecular dynamics and energy mini-
mization based on distance restraints. This was followed by the
final relaxation matrix refinement, using the peak intensities of
the non-exchangeable proton resonances.
All 80 initial structures were carried through to the third step.
At this point, the 80 coordinate sets containing no distance
constraint violations >0.5 A were sorted according to overall
energy terms. The first 24 of these coordinate sets were sub-
jected to relaxation matrix refinement consisting of a short
simulated annealing protocol.
The coordinates of the seven lowest-energy structures of
Oxy3.5-U 4128 have been deposited in the Brookhaven Protein
Data Bank as entry 230D.
Note added in proof
Since the submission of this paper, another NMR structure of
Oxy3.5 has been published (Wang, Y. & Patel, D.J. [1995].
Solution structure of the Oxytricha telomeric repeat
d[G4(T4G 4)3] G-tetraplex. J. Mol. Biol. 251, 76-94). This
structure is essentially identical to ours.
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